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The tensile preperties of reerystallised, doped povdere S“"(”“‘-d"‘/
metallurgy tungstem=3% rhenilum rod have besn determimed from 1M to /

2977°0 1n vaewm st a strain rate of 7.72/ain. A cowparisom is mede Cddocile s
vith recrystallised, doped powder-metallurgy tungsten rod, vhich shovs
ocomoarstively poor duetility, and plassa-flmme single-ecrystal tungstea,

a very ductile material., The variatiorm of strain-hardening exponent with
temperature is showm for the two pewder metallurgy materiales., Tumgsten-
3% rhenium has the highest strength and the lowest ductility of the

three materiale. At & test tamperature of ~ 50% of the sbeolute l'QltlI‘
point, both tungstem-J% rhenium and powder-metallurgy tungsten shov
deereased ductility and imtercrystallime fracture assceiated vith void
formation and grovth. Dustility ioces mot inerease vith increasing
temperature above = 65% of the absolute melting point for tumgsten-13%
rhenium, as it does for powder-metallurgy tungstea, and this i{s attributed

to the adbsenes of stralmeinduoed graia grovth during testing.

*This peper preseats the results of one phase of researech earried out at
/ the Jet Propulsion laboretory, Cslifornia Institute of Technology, under
(T

(N %a@qwmnnm by the National Aeronsuties and Space
T TAdmintstratiom. .
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datrodugtion :

The high melting pcint, high elastic modulus, and lov vepor
pressure of rhenium suggest {ts use as a favorable alloying element for
tungsten. Geach and Hughes! shoved that tungeten-rhenium alloys vere far
ncre ductile than the component netals ani that a tungstem=35% rheaium
alloy wvas f=brieable without diffieulty at a fev hundred degrees Centi-
grade. Other work’* 314 gonfirmed and extended the knowledge of the
benefiolal effects of rhenium on the workability of tungstea in the range
from 18 to X wt. §. Pugh et .15. {avestignting tungsten-rhenim (1-27%)
vire for electronic and lmap applicatioms, shoved that {t has better
ductility, higher reorystallization temperature, higher streagth, and
higirer electriocal resistanes than unalloyed tungstan vire, Temsile propertiee
reported have been for highly wrought forms of tungstem-rhenium slloys,
such as vire ani sheet, up to sbout 297°C, GCreep-rupture properties for
tungsten=25¢ rhenium sheet up to 26m°c are nporhd‘. To the author's
¥novledge, ‘ensile properties of 4ilute tungsten-rhenium alloys in wvrought
recrystallised ccarse~gruined rod form st teupsratures up to 29°C have
not previocusly been investigated.

The purpose of the present investigation was to study the
possible beneficlal effects of Y1 rhenium on the tensile propertiee of
doped powder-metalluryy tungsten iz swaged, recrystallised rod fom.

To shov contrasting tensile behavior, the data from a previous study on

tvo other tungsten materials are imcluded.




Waterials

The swaged tungsten-7% rhenium (W-3Me) rod 7.33 ia. in dia.
used ia this ipvestigation was made by a powder-metallurgy process.
It vas the same rod stoek wsed to mrke vire for the study reported ia
Ref, 5. The powder-metallurgy (PM) tungsten rod, 1.375 in. in dia.
and the W-Tg rod were made from doped powder stock, although not from
the same lot. Plamma-flame single=orvstal (PF) tungsten rods, 1.875 {a,
in dia,, were grown, as the name implies, by melting powder in & plamma-
flare ot sone, The erystal axes were parallel to 111 witrhim: 11°,

The impurity levels (determined by s commereial lahoratory) for
W-3Re, P¥, and PF tungsten materials are given in Table I. The VW-IRe
alloy oontains mcre oxygen and earboa and lees nitrogen than P tungstea.
Notsbly highocarbon content sets the PF tungsten apart from the other
naterials, Silicoa, iven and alminmm levels are lower for W-3Re thaa for
PM tungsten. Duplicate semp'es wvere mot rum for the W-Ie, hence a renge
of values is not givea. The amalysis of typical powder-metallurgy vire
is presented for eompariseca.

Specimens of all three materials were hested, several at onoe,
in vasum (177 torr or better) to 2845°C, held for 1 minutes, and
furnage eocled prior to testing. This heat treatment resulted im fully

rearystallised structures for both W-Te and ™ matcrials, vhile only a

few low-angle boundaries were observed ia the FF tungsten. The "as received®

and "as recrvstallised® leniitudinal microstructures for W-Ie are showm
in Figs. 1 and 2, respectively. The strusture in Mgz, 1 appears to be

inocoupletely recrystallised, vhile Fig, 2 showvs eomplete reerystallisatios




with seeondary grain growvth. Mresolved deteil within the grains ia Mig. 2
ocours with greater fre~uency than in reerystallized ™ tungsten (not showm).
The recrystallised grain sise for the W-3Ne alloy, determined Dy the line
intercept method, varied between 17 and 260 graln./-",, vith an average
of 165 mino/-a. The PM material had an aversge recrystallised grein
sise of 240 grains/em?®,
dcoarsing
The apparstus and prooedure have been ducrlbds. Briefly,
the method involves a vagnm atmosphere and rediation heating of a
standard speoimen (7.647 in. gage lemgth by 7.167 in. dla.)? beld ia
a hot-grip assemdly. The fursace is heated by induction., The simul-
taneous recording, by am x=y plotter, of load cell (straim-gage type)
and extensometer (linear potentioneter type) outputs gives aa engineering
stress-strain curve for eash test., All tests vere eonducted at a strain
rate of N.72/ain., Tvo improvements have beea made since the apparetms
ws first rnporuda, namely, @ ball aut lead serev has replaced the
Acme thread lead sorev and a nev veguum system has beem installed,
glving higher pumping eapacity and lover ultimate pressure (5 x 19™° torr)
at test tenperstures.
Damulie and Riasuasies

Strese-Strein Ourvea and Atrain-fiardening Konent
A typloal stress-strain curve at 19Y°C and a strain rate of

1.72/ain, 1s replotted from the origimal x-y record for tungsten-3% rheaium
(W=3Re) tn Mg, 3. The povder setallurgy {™) and plassa~flame single-

crystal (PF) tumgsten ourvu, at the same strain rate and temperature are



@ v for co wrison, It {s anparent that W-7Re, «lthough stronger, has
‘mss slung ticn than P tungeten, B th W-7Ra slloy ani PM tungeten srecimens
fr:cture in an intereryetalline manner at 179°°C vith little or mo necking,
vhl & PP naterial cheracteristioally shows » knife-edge frscture.

Numeriocal values from the criginal x-y reoords were punched on
tare frr oo- v ter handline, The omputer was nrograummed tc replot the
anyvineariny stress-strain curve, snd, asesuring oonstant volume in the
peciver tur{ng etr~ining, to give the true-stress-true-strain ocurve.

The ars'wrptlon of oconstant volume {8 nct quite trus because of void Tormation
apd yrowth turing the test. The vold orntert ex-ressed! :n an area basis

we 3.,7% {n a longitndinal section slightly ewnv from the “racture {n the
weMa cacinen terted at 197°C, Purther rro rasming produced “he lngaritim
of tre true-stress ve, the logarith~ of the true-strain curve r~traced im
Mg, 4.

The simplest natherstiosl exnression for a true—siress-true-

str-{n curve la

Jexe"
whore (U is the true stress, K (s tre strength coefficiant, ¢ 1s the true
str in, snd n {s the strsin-bardening exponent, The slope of the line
tr the Kap-rian log-log plot (Mg. 4) gives the va'ue for n. The nearly
str-ight 1ine shcvm up to the maximum true stress indiostes that the above
rthematias. ax-ression fits the data. The r»pid Arop {n true-stress
ve1'iag {8 orobahly the result nf {nternal n=cting, beca:se pores vere
chaerved in the fr oture scne, As previcusly mentioned, fracture alvays
o~~rs in sr {ntsroryetalline maaner, wvith 1{ttle or no extarna! necking,

{n > th the ¥=7Re alloy snd nowder-metallirgy (PM) tungetaen.



The strain-hsrdening exponsnt values for W-IRe are showm in
Pig. % along vith the average curve® for PM tungstea. These dsta show
that a 31 adittion of rheniwm lovers the strain-hardening exponent for
doped powder metallurgy (PM) tungsten between 1777°C and x2257°C and
above 267PC. The ancmaly at =1977°C, apparent in Pig. 5 for P tungsten,
bas been found by the suthor (unpublished work) in two other powder-
retallurgy naterials, ome doped and one undoped. The reasoa for the amamaly,
or its absenes in the case of W=JRe, is not presently understecd.

Bo obvious relation appears to exist betwees solid-solution
softening or hardening at room temperature and strein-hardening at$ high
temnerstures. Rhenium additioms up to 5% lower the room temperature
hardness level of tungeten’’?. In the present work the 5 grem Kmoop
hardness of W=TRe "as reesived” wus (78 at room tempersture. When recrystal-
1i{sed, the hardness fell to 355 Knoop. The recrystallised PM msterial had
an {ntermediate hardness value at {7 Knoop, sudbstantiating Refs. { and I.
Ieoslle nta

The tensile date are summarised im Figs. 6=2., Average curves
from the data of Ref. 7 are ineluded. Pigure 6 shovs the ultimate teasile
strength of W-3Re as a funetion of temperature. The W-3INe materisl
exhibits greater streangth than either comperisom material at all test
temneratures except at 2937°C vhere {t has equal strength vith ™M tungstea.
As might be expected, the PF tungstea, even vith {ts higher carbom oconteat,

is wvealer at 2]l test temperatures.

%A ocorracted table for the eurve of Ref. 7 aprears in Trans. ASM, 36 (1963) 973



In Mig. 7 elongation i{s plotted versus temneresture for W-INe,

It is the seocnd foram of tungsten vhioh the author has foumd to shov less

elorgntion than doped powder m-tallurgy rod, the first being pyrolytie tumgstenl’,

Ductility differences are even more noteworthy in Fig 8, vhieh
shows reduction in aree as s fumotiom of tampersture, The curve for W-Te
lies belov that for PM tungsten at all temneratures and does not shov any
fneresse in ductility vith inoreasing temperature. Above 197°C the
reduction=in-area values for WeXie fall below those for pyrolytie m-mm
(not shown)., The very ductile P¥ material (xnife-edge fractures) shovs
97 % reductiom-in-ares values across the plot.

The photomicrograph in Fig. 9 shovs a longitudinel section of a
W-JRe specimen tested at 2487°C. Voids 1ie in gemeral on graia boumdaries
vhich are normal to the tensile axis. The number of voids increases with
inoreasing tempersture, and the amount of plastie deformatiom of the graime
Aecreases vith ineressing temperature -= all consistent vith the low
reduction=in-area and eslongstioa values showm,

One may well ask vhy the expected beneficial effect of rhenium
on ductility vhan alloyed vith tumgsten is not realised in this ease.

The remnrkabdble strepgth and duetility cf h=lRe, B-IMe, and ==5Re in the
fere of Y. Y8 1in, vire was strongly structure dependent as reported by
Pugh>. Por exmmple, the strongest alloys had the highest recrystallisatios
tezerature and vhen tested a$ ™ 297°C vere still very fine-grained,
probably oflly stress—-relieved, structures. The structure of the preseant
naterial is very different, being fully recrystallised and coarser-grained.

Ro direct cozparison of the present material ean be aade vith fine viree



or thin sheets, even vhen recrystallised, because of the specinen sise faoctor.
A seaningful comparison is posrihle bDetween the W-3Re rod and P¥ rod hecause
they vere nsde from the same type of doped tungsten nowler stock and had
sirilar preesing and sintering and nearly ldentiocal reoryrtallisation and
testing oonditions.

In the PM material, the duetility minimum, associnted vith {nter-
ocrystalline fraoture, appsars to be the result of void nucleation and growth

due tc grain boundary alldin(n

at > 1,5 1. (T 15 the melting point, °X.)
An ipcreanse in ductlllty", as meagured by either redustion in area or
elongation, is acoomnanied dy strain-induced grsin grovth during testing,
beginning at = 21°C (1,65 7.). The W-IRe alloy shoved mo {ncrease in
ductility imn the tempersture range ahove ¥ 217%C and 1ittle or no increase
in grain sise, vith the exoeption of the specimen® tested at » 257°C,

In pyrolytic tungsten the laek of an anpreeciable increese in ductility
abcve Y 2YPC was 21s0 associated with 1{ttle or no strain-induced grain
n-ovth“. This is supporting evidenes for the denendence of ductility om
struin-induced vrain grovth {n tungsten above the grain boundary esliding
region at = 1.5 to = 1,45 Ty,

Strain-induoced grain growvth, as well as grain boundary sliiing,
s~ems quits dependent uwpon impurity level and distribution and prodbably
upon grain sise, One of the principsl effects of rhenium in tungsten is
ro'orhdz to be the lowering of Interstitinl element solubllitiss, The WudRe
slloy, with {ts lowver solubility and higher oxygen and oarbon eontent, oould

have a seocond phase at the arain houndaries, probably an oﬂdo?". Seocond--

phese particles, if present, wouli sot to pin grain houndaries and aceoumt

*T™his speclnen had the finest grain sise, namely 26" gr-ln./-z.



for :{-her strencth sni the atrenoe of etrain-iniuced vruin grovth,  Solid-
polatton strengthenine iy ale~, 'n raurt, icecount for tle hipher strength,
For exa 1a, 1t has bern .'hnvn;'l2 in tungeten-rhenium allo7s that the
ar-in boundsry is rhenfum rich an' henoe harder than th.e center of the
grain.

In the prar~nt werk the graln sise diff renoe (165 v {ne/mm?

for \.~TRe ve, 747 22 !ne,’-,eQ for M tungsten) ia not consiiered to contribute

. tre 11rference in redictionein-aras duatility. In th~ easre of FF tungstem,

tie ubaanae of vreln 1oorlaries and hence a prain boundary Afstribution of
{ouri tise ;robably acocunts for the louar ultimate streasth ani highar
tatliity, The e"feot of crvetal oriantation is not ¥mown,

The 1!1:ited quantity of %=Te rr! nece:eitated the use of cne
te-t & noloan per temmeriture fuith the ecception =t 17°CY, The guantity
11 1*ation was alsc tyue for ‘he PY tunizsten. Fron rrevinus work’ and
vreernt work (unpnblirhed), it 1s f=)t that the msocth curves shown are
g1 ficlently accuirate for the conelusions irawn, The fact that the powder-
matni ] rry and nl:ma=flare =in'le=crystal tungsten vers t-rtad before the
Wi e paine was Inproved {8 nct oons! sered siznilosnt, It is laportant %
ten'l7e that propertles re~ rted .av helony nni-ely with the sater{-? lot
st 1 * .t *te next lot could have differing. oroperties

Scaclusiens

1. Doped powler-metallurgy tungstem ocntaining 3< rhenium
h.s Fl.ner ultl -ate strentth than the save type of tungesten without rhenim
both in suaged, reorystallised rod form) in the tempersture ran:e betweea
1977 & 3 2937°C, Three percent rhenium lcwers the room temneratire hardness

of tungsten as recrvetallized.



<

2. Ductillty, above 1377°C, as -easured by reduction in erea
and elongn‘lion, s lowered by the addition of 134 rhenium to doped powder-
metallurgy tungsten, The reduction-in-area Auctility above - 2y°c
le #117htly lover than that reported for nyrolytie tungeten.

3. Decreasing ductility {n both rowdler petallurgy materiales
is arsoclated with voiAd formation and growth and interorystalline-type
fracture in the temperature range from .- 1.5 to - .65 Ty (1657 = 2270°C).
Strain-inluced grain growth, vhieh may 1{mit vold growth, sppears to be
necesregy for an lncrease in ductility above this l"cglon.

L. The strain-bariening exronent values above 15M°C are
lower for W=3Re than for powder-metallurgy tungsten without rhenium.
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FICRR CAPTIONS
Tunge ten-3% rhenium, longitudinal section, "as received®. ZEtched
1 uin. in Yow? lactie aoid, 1%em) ROy, and 1amd AP, (1M x)
Tungsten<3< rhenium, longitudinal sectiom, ®as recrystallised®
(17 min, «t 2845°C). Etohed 1 min. in Yew’ lactie aeld, 1% MNO,,
and 17%a) HP. (170 x)
Tyoiocel enzinearing stress-strain ocurve for tungsten=3% rhenium tested
at 19N°C at a strain rate of 7,72/nin. Comparison data from Ref. 7.
Baperian log=log plot of true-stress versus true-strain for tungstemn-
3% rhenium tested at 193°°C at a strain rate of 7.72/utn,
Strain-hardening exponent n ss s function of tempereture for tungstem-
3% rhenium alloy., Comparison dats fyvm Ref, 7.
Tltinate tensile strength as a funotion of tempersture for tungsten-
3% rhenimm slloy. Comparison data from Ref. 7.
Klongation as a function of temperature for tumgsten-3% rhenim slloy,
Comparison data from Nef. 7.
Reduction in area ss a function of temperature for tungsten-3f% rhenium
alloy. Comparison data from Ref. 7.
Tungsten-3¢ rhenium, lonzitudinal section ss tested at 2487°C st a
strain rate of 1.72/ain. Xtehed 1 min. in Yeam) lactic aeid,

1) HNO4y, and 1l a7, (1M x)



PAME I. Dpurity levels in tungsten materials.



Ooneentration (p.p.m.)

Tungsten

Klemsnt v-3mee Virees m"‘;"’w g
Oxygen 8 3 1.3-3 b o
Carbos b1 o ) 66-98
Ritregen 6 3 $-16 AT
Rydreges <1 ese oo )
8t1icom {10 <M { 10-80 10-30
Iron {10 6o 10-40 8040
Wolybdemm <% » 30-% ose
Alunt sen <10 {10 80-40 10-30
Mokel (W W < {10

Sstual raemium contemt 15 2.85 (Mef. 3).
*oRypical amalysis of tungstec vire {Bsf. $3}.
998 Not Determined.






STRESS, 1000 psi

12

10

TUNGSTEN-3% RHENIUM (DOPED)

POWDER METALLURGY (DOPED)
_ <— PLASMA-FLAME —
SINGLE -CRYSTAL
| | \ : | 1
0 10 20 30 40 50 60

STRAIN, %



0¢-

NIVYLS 3NnYl N7

0’s

R o
~ ©
SS3Y1S 3INYL N1

O
©

Q
o

00l



Do ‘IHNLVYIAWIL

000¢ 0062 0002

(0]0)°]!

(03d0d) A9YNTIVLIW H3AMOd ———
(03d0a) WNINIHY %€ - N3LSONNL —O0—

_ _ _ _

O0OS 000§ 0]0]°) 7 0]0]0) ~ 00Sg

do

000¢

006¢

@

o
o

e
o)
U "ININOdX3 ONINIQUVH-NIVYHLS

S

o

N
]

0



Oo "FHNLVHI4NTL

C00¢ 0062 0002

_ T _ | —1°
| — G
— \ — Gl
N
N
— JVLSAHO-3TONIS FNVI4-VNSYVId ———— V o2
(@3d0A) A9HNTIVLIW ¥3IAMOd ———
(@3d40a) NNINIHY %€ - NILSONNL —Oo—
— G2
N _ _ _ _ (01
O0bS 000S (0,01 7 0/00] 00G¢ 000¢ 00G<2

do

Isd 000! ‘HL9N3YLS JUSNIL ILVWILIN



Do ‘FHNLIVYIJWIL

00&<2 0002 00¢l|

{ _ | _ | j O
e —
o—
. J— —_
— \‘V.l
— - - - - /
- - — 09
- IVLSAYO-319NIS JWVI4-VASYId ———— o8
B (@340a) A9YNTIVLIW H3IAMOd ——— |
(@340a) WNINIHY %€ - NILSONNL —Oo—
| | | | | | 00|
00vS 000G 00St 000b 00S¢ 000¢ 00G2

do

% ‘NOILVONOT3



Do ‘UNIVHIdNIL

* -000¢ 00g2 | 0002 | 008l
_ |
O—0- -O— O—
- m
N \\. m
-

| S~ or 9
O
/ 2
=
— IVLSAYO-3IONIS ANV I4-VWSVId -——— 19° o
(Q3d0A) ASYNTIVLIW ¥3IAMOd — —— m
5 (3d40Aa) WNIN3HY %€ - N3LSONNL —o— og m
3

- e — ool

| | | | | |
~00bS 000G 00St 000t 00S¢ 000€ =~ 006S2

o






